ABSTRACT A wideband strip-helical antenna with a parasitic circular patch for circular polarization is designed in this paper. A strip-helix with 2.5 turns and a pitch angle of 5 • is placed over a ground plane and coaxial probe-fed by a 50-SMA connector. A parasitic patch is electromagnetic-coupled to the open end of the strip-helix with an extremely small distance. By combining the strip-helix with the parasitic patch, two nearby circularly polarized (CP) resonances are produced and a wide axial ratio (AR) bandwidth is obtained. The strip-helix can excite a CP resonance in axial mode, while the parasitic patch can generate another nearby one in fundamental mode. Radiation characteristics of the proposed design, including current distributions, reflection coefficient (S 11 ), AR, and radiation patterns, are studied. Measured results shows that the proposed antenna has an impedance bandwidth (S 11 ≤ −10 dB) of 53%, an AR bandwidth (AR ≤ 3 dB) of 44%, and a peak gain of 9.4 dBi in its volume of 0.43λ 0 × 0.43λ 0 × 0.25λ 0 , where λ 0 is the wavelength in free space at the center operation frequency.
I. INTRODUCTION
In recent years, wideband CP antennas have received a lot of research, since they can satisfy the requirement of the high speed transmission for wireless communication terminals. Conventional axial-mode wire helical antennas, [1] , known as a type of travelling wave antennas, have excellent CP performances. Unfortunately, these helical antennas are not suitable for compact terminals due to their large axial height. To solve this problem, some helical antennas with few numbers of turns and small pitch angles [2] , [3] have been reported by H. Nakano, e.g., a low-profile helix with two turns and pitch angle of 4 • in [2] has an AR bandwidth (AR ≤ 3 dB) of 12%. Moreover, a hemispherical helical antenna [4] , designed by H. T. Hui, has improved the AR bandwidth up to 15%. A tapered strip-helical antenna in [5] has further increased the AR bandwidth to 24% with an antenna height of 0.28λ 0 , where λ 0 is the free space wavelength at the center operation frequency. Generally, one condition should be fulfilled that the reflected currents from the open end of the helix are fewness and negligible at operation frequencies for these low-profile helical antennas with CP radiation. On the other hand, single-fed CP microstrip patch antennas [6] are one type of resonant antennas and have many advantageous features, such as low-profile, easy to fabrication and symmetric radiation patterns. But their AR bandwidths are narrow. In [7] - [10] , some techniques have been introduced for enhancing the AR bandwidth, e.g., a wide AR bandwidth of 34% is obtained by using aperture-fed rotated stacked patches with an antenna height of 0.35λ 0 [9] . Some helical/spiral excited CP dielectric resonator antennas (DRAs) with compact size have been proposed in [11] - [13] . For example, the helical excited DRA in [11] has an AR bandwidth of ∼13%, and the spiral slot excited DRA in [13] has an AR bandwidth of ∼25%. In addition, there are two other types of wideband CP antennas with a similar antenna height of 0.25λ 0 reported in [14] and [15] . Their AR bandwidths are 34% and 27%, respectively. Note that a planar CP helical antenna has been designed in [16] with an AR bandwidth of 34% and a lowprofile of 0.11λ 0 . However, its area is 1.23λ 0 × 0.77λ 0 and the gain varies greatly from 3.1 dBi to 10.5 dBi over the AR bandwidth. Not long ago, some wideband strip-helical antennas with AR bandwidths of ∼50% have been presented in [17] and [18] . Even so, their antenna heights of ∼0.5λ 0 are not low-profile.
Technologically, adding parasitic element [19] , [20] is an effective method of improving AR bandwidh for helical antennas. A strip-helical antenna with a parasitic patch has been reported in [20] . Nevertheless, the AR bandwidth of the strip-helical antenna is only 15%, since the EM-coupling level between the strip-helix and the parasitic patch is not high. In our previous work [21] , a new type of wideband striphelical antenna with a parasitic circular patch has been analyzed numerically. The EM-coupling is strong enough such that both the strip-helix and the parasitic patch can generate a CP resonance and an outstanding AR bandwith of 44% is obtained. In this paper, both simulation and measurement are carried out to verify the features of the proposed striphelical antenna, such as wide CP bandwidth, high gain and stable radiation patterns. A detailed study is also added to explain the radiation mechanism of the proposed antenna. Moreover, a comparsion between the proposed antenna and those related antennas in [9] , [10] , [14] - [18] , and [20] is implemented to demonstrate the advantages of the proposed antenna. Fig. 1 shows the geoemtry of the proposed strip-helical antenna. The antenna structure consists of a strip-helix, a circular patch, a square ground plane and a 50 SMA connector. The strip-helix is rolled in right hand direction for right-hand circular polarization (RHCP). It is made of horizontal strip with uniform width (w) of 12 mm. With the aim of obtaining a low-profile structure, the pitch angle (α) has a small value of 5 • and the numbers of the turns (n) is selected to be 2.5. The radius of the helix (the distance from Z-axis to the center of the strip) (R) is equal to 30 mm, such that the circumference of one turn of the strip-helix (C = 2πR) is about 1λ of 1.5 GHz. The corresponding spacing between turns (S) is equal to 15 mm (S = Ctanα). The circular patch with a radius (r) of 24 mm is placed over the strip-helix as a parasitic device, which has an extremely small distance (h 2 ) of 0.5 mm to the open end of the strip-helix. The center of the parasitic patch is set to be along the y-axis and has a distance of Dy to the axis of the strip-helix. This placement can result in strongly coupling between the parasitic patch and the strip-helix, since the radius of the parasitic patch (r) is smaller than the radius of the strip-helix (R). The square ground plane is printed on the bottom layer of the F4BM2 substrate with a relative permittivity of ε r1 = 2.2, and a thickness of h 1 = 3 mm. It has a length of G = 130 mm and is used to suppress back radiation. The SMA connector is laid under the ground plane. The inner of the SMA connector with a diameter of 1 mm is connected with the strip helix. The height (H ) of the whole antenna structure is equal to 41 mm. 
II. DESIGN PROCEDURE

A. THE STRIP-HELIX WITHOUT THE PARASITIC PATCH
In design procedure, we firstly employ a strip-helix as the radiator of the proposed antenna. There are four independent parameters of the strip-helix, α, R, w and n. The parameter α is to be as small as possible for reducing the antenna height. The parameter R controls the operation frequency of the strip-helix. The other two parameters, w and n, play major roles in antenna performances and deserve to be studied numerically. The numerical results are obtained with the aid of the simulation software 'HFSS'. Fig. 2 demonstrates the reflection coefficient (S 11 ) and the AR against frequency of the strip-helix with different values of w. The reflection coefficient is significantly improved when w is increased from 4 mm to 20 mm. An impedance bandwidth (S 11 ≤ −10 dB) from 1.25 GHz to 1.65 GHz is obtained as long as w is not less than 12 mm. On the other hand, the minimum value of the AR is less than 1 dB at 1.45 GHz when w is 12 mm. Considering the performances on both reflection coefficient and AR, the parameter w is optimized to be 12 mm. 3 exhibits the AR against frequency when n is 1, 2, 2.5 and 3, respectively. It is noticed that the strip-helix can not excite a CP wave when n is 1. Thus, we increase the parameter n to 2, or 3. In spite of this, the strip-helix can not excite a pure CP wave yet, since the AR is larger than 3 dB. It is probably caused by the reflected currents at the open end of the strip-helix, which deteriorate the decaying form of the travelling currents along strip-helix. Hence, it is necessary to adjust n to reduce the reflected currents for achieving a good CP radiation. The minimum value of the AR drops to 0.43 dB at 1.475 GHz when n is optimized to be 2.5. And a 3-dB AR bandwidth of 17% (1.35 GHz -1.6 GHz) is observed.
In order to analyzing the operation principle of the striphelix, the magnitude of the current densities (Jsurfs) on the center of the strip along the helix at different frequencies of 1.15 GHz, 1.45 GHz, and 1.8 GHz is illustrated in Fig. 4 . The forward travelling currents decay from the feed end to the open end of the strip-helix at all three frequencies. Furthermore, the backward reflected currents at the open end of strip-helix are negligible at 1.45 GHz. While they exist obviously and interfere the forward travelling currents at both 1.15 GHz and 1.8 GHz. This phenomenon indicates that one condition must be satisfied that the reflected currents at the open end are few and negligible for the strip-helix with good CP radiation. Unfortunately, this condition is fulfilled in a narrow frequency range.
B. IMPROVEMENT OF AR BANDWIDTH
As is shown in Section A, the reflected currents at the open end of the strip-helix damage the purity of CP radiation and limits the AR bandwidth. Then, it is desirable to introduce an effective technique for increasing the AR bandwidth significantly without deteriorating the remaining characteristics of the strip-helix. Considering the fact that the strip-helix works in a resonance mode with circular polarization, we plan to bring in an additional device for exciting another nearby CP resonance. As is well known, a microstrip patch can easily acquire a wide bandwidth in its fundamental mode by utilizing an EM-coupled feeding technique, such as the L-shaped probe fed technique. In case the feeding technique can provide the conditions of CP radiation, the microstrip patch will correspondingly excite a CP wave, e.g., the dual/multi fed CP microstrip patch antenna. Accordingly, a parasitic circular patch is EM-coupled to the strip-helix. In Fig. 3 , the value of axial ratio with n equal to 2.5 is about 9 dB at 2 GHz. It means that the strip-helix provides an approximate CP signal. Once the parasitic patch with right size resonances in foundamental mode at this frequency, a good CP wave might be generated by the interaction of the strip-helix and the parasitic patch.
The effectiveness of the parasitic patch on improving the AR bandwidth is evaluated. The parameter r is estimated to be in the range of 20 mm to 30 mm with the aim of exciting the fundamental mode of the parasitic patch at around 2 GHz. While the parameter h 2 should be as small as possible for achieving strongly coupling. Fig. 5 shows the AR against frequency with different values of r and h 2 . It is clearly seen that two CP resonances are generated by the strip-helix together with the parasitic patch. The lower CP resonance is at ∼1.5 GHz while the upper CP resonance is at ∼2 GHz. In Fig. 5(a) , the upper resonance shifts from 2.25 GHz to 2 GHz when r is increased from 22 mm to 26 mm. r is determined to be 24 mm in order to obtaining a wide 3-dB AR bandwidth of 41% (1.45 GHz to 2.2 GHz). In Fig. 5(b) , the value of the AR at 2 GHz drops from 3.3 dB to 1.6 dB when h 2 is decreased from 2.5 mm to 0.5 mm, since the EM-coupling is significantly enhanced with the decrease of h 2 . Therefore, h 2 is fixed to 0.5 mm. Fig. 6 depicts the magnitude of the current densities (Jsurfs) on the center of the strip along the helix with the parasitic patch at different frequencies of 1.5 GHz, 1.8 GHz, 2.1 GHz and 2.4 GHz. The forward travelling currents decay from the feed end to the open end of the strip-helix with negligible backward reflected currents at 1.5 GHz. It is similar with that one without the parasitic patch. The reflected currents are increased when the operation frequency shifts from 1.5 GHz to 2.4 GHz. The state of the currents changes from a travelling mode to a standing-travelling mode correspondingly. It is due to the raise of the EM-coupling between the strip-helix and the parasitic patch. In order to investigating the effect of the parasitic patch on radiation characteristic at lower frequency, Fig. 7 compares the simulated radiation patterns of the proposed strip-helical antenna with and without the parasitic patch at 1.45 GHz. The Co-Polarization is very similar to each other. While the X-Polarization is increased by the interaction of the strip-helix and the parasitic patch. On the other hand, the current distributions on the parasitic patch at 2.1 GHz are shown in Fig. 8 . It is observed that a CP wave is excited from the parasitic patch at 2.1 GHz. The current flows in a counterclockwise direction, which will contribute to an RHCP. In summary, the lower CP resonance is excited from the strip-helix while the upper CP resonance is excited from the parasitic patch. More importantly, they are almost independent of each other. This feature is convenient for designing the proposed antenna. Based on the analysis of the operation principle, some design guidelines are summarized as follows. 1) The increase in the width (w) of the strip-helix benefits the reflection coefficient of the proposed antenna.
2) The circumference (2π R) of the strip-helix is calculated as 2π R ≈ λ l , where λ l is the wavelength in free space at the lower CP resonance.
3) The value of the AR at the lower CP resonance can be optimized by adjusting the numbers (n) of the turns of the strip-helix. 4) The diameter (2r) of the parasitic patch is correspond to the frequency of the upper CP resonance. 5) The decrease in the distance (h 2 ) between the parasitic patch and the open end of the strip-helix is directly proportional to the decrease in AR at the upper CP resonance.
FIGURE 9.
View of the prototype of the proposed antenna.
III. RESULTS AND COMPARISONS
A prototype of the proposed antenna is fabricated and shown in Fig. 9 . Both the strip-helix and the parasitic patch are supported by foam with a relatively permittivity of 1. The antenna performances are measured by the E5071C Network Analyzer and the Near Field Antenna Measurement System, Satimo. Measurement results of reflection coefficient, AR, gain and radiation patterns are presented and compared with the corresponding simulated results. Fig. 10 demonstrates the reflection coefficient against frequency. The proposed antenna has simulated and measured impedance bandwidths (S 11 ≤ −10 dB) of 56% (1.275 GHz to 2.25 GHz) and 53% (1.31 GHz to 2.26 GHz), respectively. The minimum value of reflection coefficient in measurement is 25 dB at 1.69 GHz. The AR and gain against frequency are described in Fig. 11 . A good agreement between the simulated and measured results is observed. From the W-shaped AR curves, it is clearly seen that two nearby CP resonances are generated. Therefore, wide AR bandwidths (AR ≤ 3 dB) of 41% (1.45 GHz to 2.2 GHz) and 44% (1.4 GHz to 2.2 GHz) are obtained in simulation and measurement, which are overlapped by their corresponding impedance bandwidths. The normalized circumferences of C/λ varies from 0.88 to 1 over the measured AR bandwidth, where C is the circumference of one turn of the strip-helix. The volume of the proposed antenna is 0.43λ 0 × 0.43λ 0 × 0.25λ 0 , where λ 0 is the wavelength in free space at the center operation frequency of 1.8 GHz. The measured gain is slightly less than the simulated one. This variance might be caused by the additional loss introduced by the SMA connector and the alignment error of the measurement setup. The measured gain is stable with 9±1 dBi and has a peak value of 9.4 dBi at 2 GHz over the AR bandwidth. Fig. 12 depicts the simulated and measured radiation patterns at 1.45 GHz, 1.8 GHz and 2.2 GHz, respectively. Simulated and measured results are in good agreement as well. The proposed antenna is of right-hand circular polarization. The radiation patterns are very symmetric with respect to the axial direction at 1.45 GHz and 1.8 GHz, since the symmetric strip-helix is the main radiator at lower frequencies. As the operation frequency increases to 2.2 GHz, the direction of maximum radiation slightly deviates from the axial direction with tilt angle of ±10 • at the two principle planes: ϕ = 0 o and ϕ = 90 • . It is probably due to the biasing location of the parasitic patch along y-axis. Furthermore, the front-to-back ratio is more than 15 dB and the half power beamwidths (HPBWs) are about 70 • over the AR bandwidth. Table 1 shows the performance comparisons between the proposed antenna and other types of wideband CP antennas in [9] , [10] , [14] - [18] , and [20] . Although the planar helical antenna in [16] has a wide AR bandwidth of 34% with an antenna height of 0.11λ 0 , its planar area is 5 times of that of the proposed one and the stability of gain over the AR bandwidth is poor. More importantly, the AR bandwidth of the proposed antenna is 3 times of that with similar antenna structure in [20] .
IV. CONCLUSION
A new technique is proposed for improving AR bandwidth of a strip-helical antenna with circular polarization. By employing a parasitic circular patch over a strip-helix, two nearby CP resonances are produced and an outstanding AR bandwidth of 44% is obtained. The working principle of the proposed antenna has been analyzed based on the current distributions on the strip-helix and the parasitic patch. The strip-helix not only generates a CP radiation alone at the lower resonance, but also acts as a feeding device at the upper resonance, where the parasitic patch excites a CP wave in fundamental mode. In addition, some crucial design guidelines are summarized for antenna engineers. Owing to these advantages of easy to design, wide operation bandwidth, stable radiation patterns and high gain, the proposed antenna is a good candidate for broadband CP radiation. 
